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Abstract 
The embedding stereolithography is an additive, hybrid process, which allows the construction of highly integrated 
3D assemblies for the use in automotive applications. The flexible process of stereolithography is combined with the 
embedding of functional components and supplemented by the additive manufacturing of electrical or optical 
conductive structures. This combination of sub-processes implies a high potential regarding the obtainable 
integration density of mechatronical modules.  
This work considers basic restrictions, which limit the mechanical stability of the manufactured modules by 
calculating the superposition of residual and external stress using a thermo-mechanical finite element model and 
develops a procedure to qualify stereolithography matrix materials for the process of the embedding 
stereolithography. 
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1. Introduction 
The increasing number of distributed intelligent sub-systems e. g. in mobile systems like cars and the upward 
usage of mechatronical modules lead to more and more complex systems. This trend is accompanied by the 
proliferation of variants and a decreasing order quantity per variant [1]. 
In contrast to this, the conventional production technologies are perfectly fit for mass production but not for 
future challenges. These conventional production technologies like injection molding for technical enclosures or 
stamping for electrical lead frames as well as the extensive procedure for printed circuit boards involve the need for 
complex and mainly cost-intensive tools. Due to this, they are strongly restricted in flexibility. 
Additive production technologies on the other side have already shown a high potential to fabricate individual but 
also small series of products [2]. Especially the possibility to generate very complex geometries can help to save 
 
* Corresponding author. Tel.: +0049-9131-97790-10; fax: +0049-9131-97790-11. 
E-mail address: t.rechtenwald@blz.org. 
c⃝ 2010 Published by Elsevier B.V.
Physics Procedia 5 (2010) 573–586
www.elsevier.com/locate/procedia
1875-3892 c⃝ 2010 Published by Elsevier B.V.
doi:10.1016/j.phpro.2010.08.085
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
 Rechtenwald, Frick, Schmidt / Physics Procedia 00 (2010) 000–000 
costs. This can be established e. g. by reducing the number of parts in the mechanical design and thus reducing the 
number of tools as well as the costs [3].  
But this focuses only on the geometry of parts. To enhance the functionality a combination of additive and 
conventional procedures seems to be a promising approach. The selection of conventional Stereolithography (SLA) 
as the basis process out of the variety of additive processes was made because SLA is not dealing with a thermal 
phase change, the accuracy of the parts is good and the system technology is open for modifications and should 
allow more flexibility in production of mechatronic modules. 
1.1. Conventional stereolithography 
Like all other types of additive processes, SLA enables the physical creation of a part from a designed CAD 
model. The digital data of this model has to be placed and orientated in the virtual building space of the 
stereolithographic machine. Further, the data preprocessing software generates a filigree load carrying construction 
automatically. This construction supports in the next step the hardened and thus densified overhanging parts of the 
working piece. As the building operation is performed, layer wise the geometrical data of the part and the support 
construction has to be sliced in adequate digital layers with a height of typically 0.1 mm. One of these layers is 
fabricated by spreading a liquid photo-resin over the building platform with a spreading knife. Afterwards the 
radiation of an UV laser is used to cure the material on the surface of the resin bath according to the given layer 
information. Finally, the building platform is lowered. By repeating this procedure, the complete work piece is 
generated layer by layer. After the additive process the part is cleaned from some adherent liquid resin and irradiated 
with artificial UV light in a post curing apparatus (PCA) for a certain time [4]. 
1.2. The idea of embedding stereolithography 
The basic idea of embedding Stereolithography (E SLA) is to extend the flexible manufacturing of complex 
geometries to mechanical, electrical and optical functionalities for single and small series products. On basis of 
conventional SLA, a new hybrid production technology is investigated, which enables the production of 3D 
component assemblies within one additive production chain. Fig. 1 gives an impression what kind of modules is 
targeted with embedded functional components and electric and optic conductive structures.  
Fig. 2 illustrates the general procedure. In a first step, a lower housing with cavities is generated by conventional 
SLA. In these cavities functional components like lead frame assemblies or printed circuit board assemblies as well 
as peripheral components e. g. capacitors or optical transceivers can be placed. As a further extension to 
conventional SLA electrically and/or optically conductive structures shall be additively manufactured. Finally, the 
upper housing is fabricated. Looking in detail, the functional components are not only embedded by the 
stereolithographic matrix but also partially by residual liquid resin, which is left in the cavities. Like other 
manufacturing processes E SLA results in a physical close embedding of different materials like grouting or multi-
component injection molding. A priori statements on the general stability of the manufactured composites cannot be 
made without considering very different effects. 
  
 
Fig. 1. Example of an aimed E SLA module containing functional components and electric and optic conductive structures 
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Regarding the described process chain, it has to be taken into account, that the type of the stereolithographic 
material, which is used for the matrix of the module, shows different time dependent effects which change the length 
of stereolithography parts. The embedded components do not show these effects and thus stress is induces. This 
stress can reduce the stability of the parts. There are known effects, which result in a negative change of length 
(shrinkage) and also effects which result in a positive change of length (swelling) [5].  
Stereolithographic resins are nowadays typically cationic curing epoxies. These materials show less negative 
change in length of about 1 % during curing than former used acrylate based resins which polymerize by a free-
radical mechanism [6]. But especially cationic curing epoxy materials are known to show a significant post built 
cure also without the presence of light, the so called “dark reaction” which also cause shrinkage [7] despite this 
general knowledge the long term behaviour of these effects is not investigated especially for stereolithography 
resins.  
On the other hand epoxy resins also known, that they show a positive change in length by diffusion of liquids 
(swelling) [8]. Epoxy resins are hydrophilic to some extend and the fabricated parts show consequently an amount 
of positive change in length of about 1 % under normal conditions and a relative humidity of 100 % [9]. The effect 
of water uptake is commonly described in literature as a process regarding simultaneously the complete volume of 
parts and thus consequently monitored by increasing volume restrictively by mass uptake in per cent [9-10]. Only 
one author notes that it is obvious that there is a stronger swelling effect at the surface area of the materials than in 
the bulk [11]. The swelling by diffusion of monomers or shorter polymeric chains out of the oligomeric liquid 
stereolithography resin into the walls of a cured stereolithography part is not considered so far. 
Further more, these effects of the matrix material of the E SLA modules are accompanied by the impact of the 
different thermal expansion coefficients under change of temperature due to the combination of different materials 
within a mechatronic module [12]. Under restricted dimensional freedom, it could be imagined that the sum of the 
described effects is able to cause considerable residual stresses in the matrix material of a mechatronic module 
manufactured by E SLA. Whether the stereolithographic matrix can principally withstand this intrinsic load depends 
on its strength and its viscoelastic properties, which reduce residual stresses over time by creeping respectively 
relaxation processes within the matrix. It has to be taken into account that the viscoelastic properties are not only 
responsible for time dependent effects but can self change by time with changes of the inner structure e. g. due to 
changes of degree of curing [13]. As the effects of change in length as well as the viscoelasticity are time dependent 
effects the residual stress over time and thus the mechanic stability of the modules manufactured by E SLA cannot 
be easily predicted.  
In this work, the time dependent change in length due to shrinkage or swelling is experimentally investigated and 
the viscoelastic properties are determined versus time. Based on this data a FE-simulation is carried out to calculate 
the residual stress as a worst-case estimate which originates by the superposition of the different effects. Finally, a 
photoelastic study verifies the magnitude of the calculated values and shows that this procedure can be used to 
qualify stereolithographic resins for the process of E SLA, see Fig. 3. AccuGen100 a standard stereolithography 
resin is used as a reference material for this study [14]. 
 
a))   b)        c)           d) 
 
 
 
 
 
 
Fig. 2. Starting point is a complete digital design (a). The sup-processes are: Generation of the lower housing (b), placing of functional 
components and generation of electrical/optical conductive structures (c), generation of the upper housing (d). 
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2. Experimental  
2.1. Determination of change in length of the stereolithography parts 
As many other physical and chemical effects both shrinkage by curing as well as swelling by the uptake of a 
liquid medium are limited effects. For shrinkage the effect is restricted by the capability of curing and for swelling 
this is shown by the solution of Fick's second law for the determination of diffusion coefficients by Crank [8, 15]. 
Limited processes can be mathematically described by a limited exponential model, see equation 1 [16]. Especially 
this form is already used to model shrinkage and swelling of stereolithographic materials [17]. 
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Hereby is t the time, εQ the threshold value for the change in length after an infinite time interval and τQ is the 
according delay time. 
On the one hand, to be sensitive to anisotropic behavior due to the layer wise structure of stereolithography parts 
the different spatial directions have to be observed separately of each other. On the other hand, to be sensitive to 
inhomogeneous change in length over the part volume specimens with different length have to be investigated. For 
this purpose block shaped specimens with the dimensions 5 x 10 x 20 mm³ are orientated in each of the three spatial 
directions are manufactured, see Fig. 4a. The used stereolithographic resin is AccuGen 100 from 3D Systems [14]. 
The block shaped specimens are stored in a liquid phase of the same resin at 25 °C over a period of 18 days. To 
determine the changes of length the specimens are removed out of the liquid phase, carefully and fast cleaned with 
isopropanol and dried with air. To measure length, width and height a coordinate measuring machine PMM 654 
from Leitz, Wetzlar, Germany with a measurement uncertainty of ± 1 μm is used.    
2.2. Determination of viscoelastic properties  of the stereolithography parts 
The linear viscoelastic properties of materials can be described in the time domain by the generalized Maxwell 
model [18]. This model considers the restoring force as well as the time dependence of the relaxation modulus. The 
Dirichlet-Prony series E(t) describes this model mathematically and characterize the relaxations behavior of the 
materials over time [19]. By regarding a certain strain, residual stress is reduced over time as shown by equation 2. 
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Fig. 3. Workflow of executed investigations  
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Herby is t the time, ı(t) the stress which results from strain İ0 at time t = 0 s and E(t) the time dependent 
relaxation modulus. The Prony parameter Ei has the meaning of activation energy and τi is the characteristic time of 
relaxation for one element in the series.  
The parameters of the Dirichlet-Prony series are determined by means of dynamic mechanical analysis (DMA) 
because a periodic bending load with small strain and complex stress conditions is most equivalent for the situation 
of a two-point bearing of mechatronic modules and thus constitutes an adequate test condition according to the 
requirements under use. In order to consider the layer wise structure of stereolithography parts three beam shaped 
specimens with the dimensions 5 x 10 x 45 mm³ are orientated in each of the three spatial directions, see Fig. 4b. 
These specimens are tested with a Rheometric Scientific DMTA IV test apparatus under bending mode with 
maximum strain of 1 % and an excitation frequency sweep between 0.01 Hz and 10 Hz. Results of this procedure 
first of all are storage modulus and loss modulus versus frequency. With help of a standard curve fitting algorithm 
the parameters of the Dirichlet-Prony series are determined. As this is a non-destructive test procedure, the 
parameters of the Dirichlet-Prony series are determined by analysing the same specimens over a period of 72 days to 
document the time dependent change of viscoelasticity.   
2.3. Design of the finite element model 
In order to estimate the time dependent development of maximum residual stress and to classify the preload of 
mechatronical modules manufactured by E SLA the experimental data of time dependent change in length and time 
dependent viscoelastic properties are implemented as source and sink of residual stress in a two dimensional finite 
element (FE) model. This model considers further the coefficients of thermal expansion of the materials and thus 
allows the calculation of additional stress, which would be generated by increasing ambient temperature under use. 
Among the various relevant material combinations with the stereolithographic matrix material which includes 
interconnect device materials like alumina for lead frames, fibre-reinforced plastics for printed circuit boards, 
different thermoplastics like polypropylene for the housing of electrical components alumina is selected due to its 
high coefficient of thermal expansion to meet the requirement of a worst case estimate.  
Fig. 4c shows the geometric model which consists of a stereolithographic component (20x40 mm²) in row with 
an alumina component (20x20 mm²) between two fixed bearings, which is similar to a mechatronic subassembly 
which is mounted inside a bigger system. For the calculations the FE software tool Abaqus of Simulia, Providence, 
RI, USA is used.  
Table 1 shows the characteristic material parameters, which has to be implemented for the FE calculation. 
Table 1. Characteristic material parameters for FE calculation of AccuGen 100 [14] and Alumina [20], glass transition temperature Tg, melting 
temperature Tm 
Material property AccuGen 100 Alumina Unit 
Temperatures Tg (AccuGen).  Tm (Alumina) 40 660 °C 
Density 1.23 · 103 2.70 · 103 kg/m³ 
Module of elasticity at 25/60/70 °C 3.03/2.80/2.50  · 109 68.50 · 109 N/m² 
Poisson's ratio 0.4 0.36 n.a. 
Coefficients of thermal expansion T  Tg / T  Tg 7.2/17.6 · 10-5 2,31 · 10-5 1/K 
Heat conductivity 0.16 237 W/(m · K) 
Specific heat capacity at 25/60/70 °C 1.5/2.0/2.3 897 J/(kg · K) 
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Fig. 4. a) Geometry and orientation of samples for determination of shrinkage and swelling; b) Geometry and orientation of samples for 
determination of viscoelastic properties; b) Scheme of model for FE simulation  
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Despite the FE software tool Abacus does not allow the implementation of the variation of the viscoelastic 
properties over time, it is possible to implement the variation over temperature by using the Williams-Landel-Ferry 
equation [21], see equation 3.  
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This equation is commonly used to determine a shift factor aT versus temperature T for storage modulus and loss 
modulus. T0 is the reference temperature chosen to construct the compliance master curve and C1, C2 are empirical 
constants. In this case T0 is room temperature and C1 and C2 are set to 17.44 respectively 51.60 as standard 
parameters for polymers according to literature [22].  
2.4. Determination of stress optical coefficient 
Stress and residual stresses within transparent parts can be experimentally quantified by means of photoelastic 
analysis. Photo elastic analysis is based on the birefringence of the transparent material and detects first of all 
differences in the optical path for light of different polarisation through a transparent part. The measured differences 
in the optical path are proportional to stress and has to be converted by the material specific stress-optical coefficient 
K [21]. In default of an introduced standard on photoelastic analysis for polymers the standard of DIN 52314 which 
primarily addresses glass material is widely followed to determine the stress-optical coefficient for AccuGen 100 
[23]. This standard proposes the determination of average values for stress-optical coefficients by using equation 4. 
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Hereby Fi and Fj are defined forces between 50 N and 400 N with n = 8 and m = 28 combinations which are 
brought on each specimen in length direction and Δsi and Δsj are the respectively differences in the optical path 
measured at half length of the specimen. The dimensions of the specimens are 40 mm in length l, 8 mm in width w 
as well as 8 mm in height h. The forces are measured by using a calibrated load cell with a maximum force of 20 kN 
and the differences in the optical path are measured by using a photoelastic analyser Strain Matic M4/50 of Ilis, 
Erlangen, Germany. Fig. 5 shows the values of determined 28 combinations of Fi - Fj versus Δsi - Δsj for one 
specimen. The slope of the regression line on the data points is then Kav.  
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As the investigation of the different orientation of stereolithography parts show no significant influence on the 
stress-optical coefficient its value can be given as -1.98 ± 0.24 · 10-5 mm²/N. 
3. Results 
3.1. Changes in length 
In order to be able to identify the different effects of changes in length block formed specimens are investigated. 
For block formed specimens shrinkage is shown by a negative change in length and swelling by a positive change in 
length. If the volume of the part is homogenous infiltrated by the liquid resin, the swelling should be proportional to 
the nominal length of the parts and if the diffusion takes place only in the surface layer parts with different 
dimensions should show consequently only one certain amount of absolute length uptake which is independent from 
the length of the parts.  
Fig. 6a shows the development of change in length for dimensions over time with different nominal length 
(5 mm, 20 mm, and 40 mm) in X direction. The measured change in length after 15 days is for all different nominal 
length approximately the same up to 0,040 mm. Also for Y and Z direction the change in length over time is not 
dependent from the nominal length of the parts. Fig. 6b shows the average change in length over the different 
nominal length at a particular time for the three spatial directions. Here can be seen, that the average change in 
length for X and Y direction is very similar over time. The average change in length of Z direction is less by a 
constant amount. 
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Fig. 5. Graphical determination of stress-optical coefficient by plotting Fi - Fj versus Δsi - Δsj; the slope of the regression line can be 
interpreted as stress-optical coefficient 
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The positive change in length states that the expected dark reaction and following shrinkage is completely 
suppressed by swelling. The fact, that the absolute change in length is approximately the same for different nominal 
dimensions confirm the assumption, that swelling take place only in the surface of the specimens. The observation 
of approximately the same amount of swelling for X and Y but less for Z direction of parts could be explained by 
the orientation of the stereolithographic manufactured layers which are always parallel to X-Y plane. It seems, that 
the diffusion of the liquid resin in the upper, best-cured surface of the part is reduced compared to the other surfaces 
which show heterogeneous curing due to the layers. But this is only visible as a trend in the measurement data the 
effect is smaller than the standard deviation which is calculated for the averaged values and should be confirmed by 
further investigations.  
By using the method of least squares to adapt the model equation 2 to the measured data points yield a threshold 
value of 0.0351 mm and a delay time of 8.3 h.  
3.2. Viscoelastic properties 
The viscoelastic properties act as a sink for residual stresses and thus besides possible anisotropy effects 
according to the layer wise structure of stereolithography parts it is important to consider the alteration of 
viscoelastic properties versus time.  
Fig. 7a shows the relaxation modulus determined day by day for the excitation frequency of 1.0 Hz for specimens 
orientated in the different three spatial directions. The relaxation modulus is increasing versus time from its initial 
value of approximately 2.34 GPa up to an approximately threshold value of 2.75 GPa for all three spatial directions. 
This indicates that the relaxation modulus is independent from the orientation of the parts on the building platform 
but increase by time and thus the viscoelastic properties decrease by time. The material loss ability to reduce 
residual stresses by relaxation. Fig. 7b expresses this effect by showing exemplarily the development of time 
dependent relaxation of stress for the same material at different days after building by stereolithography. 
Immediately after stereolithographic generation of parts stress can be effectively reduced within about 200 s. The 
same stress in the material needs to be effectively reduced 2000 s 18 days after generation of parts.  
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Fig. 6. a) Parts with different dimensions (5 mm, 20 mm, 40 mm)  in X direction  show approximately the same amount of absolute length 
uptake versus time; b) Average change in length for different directions show similar length uptake versus time 
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In order to full fill the requirement of a worst case estimate the set of determined Dirichlet-Prony parameters 
based on the maximum relaxation modulus representing the minimum viscoelastic properties are chosen for FE 
calculations, see Table 2. By fitting the data of Fig. 7a with a simplified model equation to get the average time 
dependent development the method of least squares yield with a offset of 2.40 GPa a threshold value of 2.82 GPa 
and a delay time of 22.5 h. 
Table 2. Implemented Dirichlet-Prony-Parameters for a worst case estimate 
day g1 τң g2 τ2 g3 τ3 g4 τ4 
8 0,7774 78,7975 0,0504 4,4572 0,0493 0,6535 0,0256 0,1273 
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Fig. 7. a) Orientierung der Proben im Bauraum der SLA; b) Zeitabhängige Fähigkeit des Werkstoffs auf Eigenspannungen zu reagieren, 
dargestellt anhand der Verläufe der Speichermodule für die Zeitpunkte vor der Nachvernetzung, nach der Nachvernetzung und am 20. Tag 
582 T. Rechtenwald et al. / Physics Procedia 5 (2010) 573–586
 Rechtenwald, Frick, Schmidt / Physics Procedia 00 (2010) 000–000  
3.3. FE calculations 
FE calculation is used to realise the superposition of the different time dependent effects like swelling, 
viscoelasticity and thermal expansion which all affect the resulting stress. This tool allows further to switch on and 
off a single effect during calculation to exemplify its affect. Within the model the maximum compressive stress is 
detected in the interface between the stereolithographic and the alumina component. For this position of analysed 
residual stress, see also Fig. 4c, the time dependent compressive stress versus time is shown in Fig. 8 for a period of 
about 70 days followed by an increase in temperature from 20 °C to 60 °C for 10 days and an increase in 
temperature from 60 °C to 80 °C. The diagram shows two calculations. The dashed line shows the compressive 
stress with swelling and thermal expansion but without viscoelastic properties. The continuous line shows the 
compressive stress with all three effects swelling, viscoelasticity and thermal expansion. Further the diagram shows 
the experimental determined compressive stress at yield of 101 MPa by a doted line which marks the upper limit of 
the material strength. 
 
As like as immediately the calculated stress both without and with consideration of viscoelastic properties of the 
stereolithography resin increase up to 15.6 MPa respectively 55.9 MPa at the first day. These values are kept 
constant until the temperature changes. By increase of temperature also the calculated stress is increasing. For the 
calculation which does not considering the viscoelasticity of the resin the compressive stress increases up to about 
1.0 GPa for 60 °C respectively 1.4 GPa for 80 °C. These values are far beyond the compressive strength of the 
material. For the calculation which does considering the viscoelasticity of the resin the compressive stress increases 
only up to about 32.5 MPa for 60 °C respectively 43.5 MPa for 80 °C. In this case these values are several times 
lower than in the former case and the values are quite below the compressive strength of the material. 
3.4. Verification of FE calculations by stress-optical analysis 
Aim of this final step is to experimentally verify the amount of stress especially the maximum value which is 
calculated by FE analysis for the worst case estimate. In order to do this, a real representation of the calculated 
geometrical model is instantaneously charged with a certain value of strain by a parallel vice and experimentally 
investigated by stress-optical analysis. The value of strain corresponds to the maximum value which was 
experimentally determined under swelling. This procedure considers the requirements of the used apparatus for 
stress-optical analysis, which include a special mounting construction. The nearly instantaneously charging with 
strain was chosen to establish a realistic experimental situation which results in a high compressive stress for the 
material. During the experiment the procedure of manually strain charging takes 2 s and the stress-optical analysis 
needs 6 s for averaging. Due to this sequential procedure, a time interval of 5 s has to be taken into account between 
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Fig. 8. Time dependent development of calculated comprehensive stress with and without consideration of viscoelasticity 
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the start of the experiment and the time point for the measured value. Fig. 9 shows the repeatedly measured value of 
stress consequently with error bars for stress and time. The FE calculation of stress versus time considers the fact 
that the charging of strain is done manually by a time interval of 2 s of linearly increasing strain. After this time 
interval the stress is relaxed by the viscoelastic properties of the material. Here are the same Dirichlet-Prony 
parameters are used like in section 3.3. 
 
After charging the maximum strain the calculated stress reach its maximum of 13.7 MPa after 2 s. The measured 
stress three seconds later was determined with 12.7 MPa. Regarding the stress relaxing viscoelastic properties this 
can be considered as a good confirmation of the FE calculation.  
4. Conclusions 
A new approach for manufacturing mechatronic modules by additive methods is presented. On the one hand this 
approach could have the capability to overcome the restrictions the most conventional methods which are optimized 
for mass production have for flexible manufacturing small series products. On the other hand regarding the proposed 
process chain effects which results in change of length of the matrix material limit the general stability of the 
manufactured modules. In a first step the changes in length could be experimentally quantified and the viscoelastic 
properties of the stereolithographic matrix material could be characterized by experimentally determining the 
Dirichlet-Prony parameters. Based on this data in a second step a worst case estimate was executed by FE 
calculation to identify the maximum stresses which could be expected in the modules and to compare these values 
with the material strength. A third step was conducted to experimentally verify the calculated maximum stress by 
stress-optical analysis. 
For changes in length under residual liquid resin which is supposed to fill the voids of embedded components 
effectively only swelling of the material as a source for residual stress was found. This swelling takes place on the 
surface of the matrix material and not volumetric. This decreases especially the void of an embedded component 
within the module and thus contributes to the residual stresses. Directly after manufacturing the viscoelastic 
properties of the matrix material are able to relax residual stress within about 200 s effectively but 18 days after 
manufacturing it takes 2000 s for the same relaxation. For this decrease in relaxation capability the post curing of the 
epoxy matrix material is responsible. The different time delays of the development versus time of the change in 
length and the total modulus of elasticity show, that the both effects proceed with different velocities. The 
calculation of stress for a basic embedding situation shows that with considering the weakest relaxation capabilities 
the strength of the matrix material is good enough also to resist an additional thermal load of 80 °C. The stress 
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Fig. 9. Comparison of calculated stress by FE-Method and measured stress by stress-optical Analysis 
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optical analysis verifies the amount of calculated stress experimentally and shows that stress-optical analysis is an 
adequate tool to experimentally determine residual stresses. 
As the effects of change in length as well as the viscoelasticity are time dependent effects the residual stress over 
time and  
This work shows that the mechanic stability of the modules manufactured by E SLA can be predicted by FE 
calculation which is based on the careful determination of material properties. Future work will consider more 
complex 3D embedding situations. 
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